Vγ9Vδ2 (also termed Vγ2Vδ2) T cells, a major human peripheral blood γδ T cell subset, recognize microbial (E)-4-hydroxy-3-methylbut-2-enyl diphosphate and endogenous isopentenyl diphosphate in a TCR-dependent manner. The recognition does not require specific accessory cells, antigen uptake, antigen processing, or MHC class I, class II, or class Ib expression. This subset of T cells plays important roles in mediating innate immunity against a wide variety of infections and displays potent and broad cytotoxic activity against human tumor cells. Because γδT cells express both natural killer receptors such as NKG2D and γδ T cell receptors, they are considered to represent a link between innate and adaptive immunity. In addition, activated γδ T cells express a high level of antigen-presenting cell-related molecules and can present peptide antigens derived from destructed cells to αβ T cells. Utilizing these antimicrobial and anti-tumor properties of γδ T cells, preclinical and clinical trials have been conducted to develop novel immunotherapies for infections and malignancies. Here, we review the immunological properties of γδ T cells including the underlying recognition mechanism of nonpeptitde antigens and summarize the results of γδ T cell-based therapies so far performed. Based on the results of the reported trials, γδ T cells appear to be a promising tool for novel immunotherapies against certain types of diseases.
Introduction
T cells are subdivided into two major populations distinguished by their surface expression of αβ and γδ T cell receptors (TCR). Both αβ and γδ T cells arise from common multipotent double negative (DN) precursors in the thymus, which can be further separated into four DN subsets based on CD44 and CD25 expression [1, 2] . The T cells undergo extensive DNA rearrangements at the β, γ and δ TCR loci aiming to express functional TCR chains and make a selection between two developmental programs during the DN3 stage, thus generating two distinct characteristics and functions of T cell subsets [3, 4] . Cells with the αβ TCR generally express CD4 or CD8 lineage markers and mostly fall into helper or cytotoxic/effector subsets, whereas, cells with the γδ TCR in humans usually do not express the lineage markers. They do not require conventional antigen presentation in the context of MHC [5] . In fact, the αβ and γδ T cell populations recognize different types of antigens. αβ T cells recognize non-self peptide fragments restricted
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International Publisher by MHC molecules. γδ T cells, on the other hand, recognize unconventional antigens including stress molecules like MICA and MICB and non-peptidic metabolites of isoprenoid biosynthesis [6] [7] [8] [9] and so on. Ligand recognition by γδ T cells appears to be dispensable for the selection of γδ T cells in the adult thymus [10] .
Human γδ T cells can be divided into three main populations based on δ chain expression. γδ T cells expressing Vδ1 chains are prominent in the intraepithelial layer of mucosal surfaces, where they are involved in maintaining epithelial tissue integrity when facing damage, infection, or transformation [11] , responding to stress antigens on epithelial cells [12] and producing IL-10 but little or no IL-2, IL-4 or IFN-γ [13] . They also appear in the peripheral blood, but the intraepithelial and blood populations seem to mix little or not at all [14, 15] . The second population of γδ T cells expresses Vδ2 chain products and represents the majority of circulating γδ T lymphocytes in healthy human adults, comprising up to 50%-90% of the peripheral γδ T-cell population. The Vδ2 chain pairs almost exclusively with Vγ9 (also termed Vγ2). The Vγ9Vδ2 pairing is present only in humans and nonhuman primates [16] . One attractive feature of Vδ2 T cells is that they can serve as professional antigen-presenting cells (APCs) [17] . Activated Vδ2 T cells acquire characteristics of professional APC, such as the expression of antigen presenting, costimulatory, and adhesion molecules, including MHC-II, CD80, and CD86 [18] . It is worthy of note that rapamycin or IL-18 treatment is reported to increase the expression of MHC-II, CD80, and CD86 on Vδ2 T cell lines [18] . The third population is Vδ3 T cells, which take up about 0.2% of circulating T cells including CD4 + , CD8 + , and CD4 -CD8 -subsets. They are expressed CD56, CD161, HLA-DR, and NKG2D but without NKG2A and NKG2C [19] . The Vδ3 T cells are found only a little in blood but are rich in liver and in patients with leukemias and some chronic viral infections. Through mitogen stimulation with IL-2, Vδ3 T cells were expanded to recognize CD1d. Once activation, they can kill CD1d + target cells, release cytokines such as Th1, Th2, and Th17, and induce maturation of dendritic cells (DCs) into APCs [19] .
γδ T cell receptor
Since the discovery of γδ T cells more than twenty five years ago, many articles have been published to address the physiological functions of these lymphocytes in animals and humans. These studies have emphasized a marked molecular, phenotypic, and functional heterogeneity of γδ T cells. γδ T cells account for 1-10% of CD3 + peripheral blood T lymphocytes of healthy adults [20] and the ratio of Vδ2/Vδ1 cells in blood is approximately 3-10. It is thus most likely that environmental or genetic factors control the balance of the subsets [21, 22] . Compensatory changes for Vδ2 and Vδ1 populations in blood demonstrate a homeostatic balancing mechanism that controls the overall blood count [23] . Caccamo and colleagues showed the influence of gender and age on blood Vδ2 levels, with women having lower levels, compared to age-matched men [24] . These studies suggest that Vδ2 T cell levels be controlled by multiple mechanisms, resulting in the difference in peripheral blood γδ T cell populations among people.
The crystal structure of a human Vγ9Vδ2 γδ TCR [25] illustrates that the receptor shares similarities with the heavy and light chains of immunoglobulins, including the formation of a cleft between the CDR3 loops that is similar to the combining site of immunoglobulin. The amino acid residues consisting of the pocket are mostly germ-line-encoded. This strongly suggests that γδ T cells directly recognize nonpeptide antigens, in a manner similar to antibodies. The recognition of phosphoantigens, however, requires cell-cell contact [26] , which indicates that an as yet unidentified molecule(s) is also required to present phosphoantigens to γδ TCR or to transduce the γδ TCR mediated-signaling. Recent reports suggest that ATP synthase-F1/apolipoprotein A-1 complex and butyrophilin 3 are involved in the recognition of nonpeptide antigens by γδ T cells [27, 28] .
It is difficult to identify antigens for γδ T cells other than phosphoantigens, because immunization, vaccination, or infection does not generally elicit antigen-specific γδ T cells. It is suggested that the γδ TCR repertoire is directed against "self," most likely represented by inducible cell surface molecules that reflect the status of a cell or tissue [29] . Apart from γδ TCR, γδ cells express most T-lineage-specific genes, including cell surface receptors, signaling effectors, cytokines, and transcription factors, and they phenotypically and functionally resemble αβ cells in both activated and resting states [30] .
Classification of γδ T cells
γδ T cells are distinguished from their αβ T cell counterparts by utilizing a distinct set of somatically rearranged variable (V), diversity (D), joining (J), and constant (C) genes. Compared to αβ T cells, available germ line repertoires of Vγ and Vδ genes are limited. γδ T cells contain fewer V, D, and J segments than αβ T cells. Regarding evolutionary forces that shape the V, D, and J gene segments, distinct forces were involved in the formation of the γ and δ loci. In fact, the primate Vγ and Jδ genes are highly conserved, whereas, the γ-locus is split: the Vγ9, Vγ10, and Vγ11 genes represent the conserved region of the Vγ gene locus, but the remaining Vγ genes have been evolving rapidly [31] .
According to different TCR γδ chain expression, human γδ T cells can be classified into two subsets: Vδ1 and Vδ2 γδ T cells. Vδ1 T cells with different Vγ predominate in the intraepithelial subset of mucosal γδ T cells where the TCRs appear to recognize stress molecules on epithelial cells [32] . Vδ2 T cells that generally coexpress Vγ9 are abundant in the peripheral blood and lymphatic system. Besides, they can also be classified into four subpopulations based on their expression of CD27 and CD45RA: naive (CD27 + CD45RA + ), effector memory (CD27 -CD45RA -), central memory (CD27 + CD45RA -) and terminally differentiated (CD27 -CD45RA + ) [33] . These subpopulations can exhibit unique functions during mycobacterial infection that correspond to the functions of their αβ T cell analogues [33] .
Although the number of available Vδ genes is quite small, the combinatorial diversity of the γδ TCR repertoire is at least as large as the αβ TCR repertoire, owing to extensive non-genetically determined mechanisms: for example, N region insertions, imprecise joining, usage of three reading frames, and so on.
Mechanism of ligand recognition
γδ T cells can recognize a variety of structurally different ligands that vary much in size, composition and molecular structure, including non-peptidic antigens, MHC and non-MHC cell surface molecules, soluble proteins, sulfatide and so on.
Non-peptidic antigens
Pfeffer et al. [34, 35] suggested that non-peptide antigens may be important targets for T-cell recognition, which may occur for infections with fungus, bacteria, or protozoa. Porcelli et al. [36] demonstrated that monoalkyl phosphates (MEP) might stimulate γδ T cells in a TCR-dependent manner which was similar to naturally occurring non-peptide mycobacterial antigens. The natural non-peptide antigens are usually fixed in their structure with less antigenic modulation and are much smaller, so the recognition of these antigens is more quickly and effectively with as fast as 2-3 minutes after exposure, indicating that it is not need for antigen uptake and processing. Studies also have confirmed that γδ T cells are specific to recognize phosphate-containing compounds with short, non-bulky carbon chains [37, 38] . Recognition of the prenyl pyrophosphates by the Vγ9Vδ2 γδ TCRs depends on all CDRs [39] , as these small molecules are usually presented on the surface of target cells. These findings provide convincing evidence that human γδ T cells can recognize a variety of small phosphorylated non-peptide antigens.
Butyrophilin BTN3A1 has been identified as phosphorylated antigen-presenting molecule (APM) to Vγ9Vδ2 T cells [40] , which belongs to a family of immunoglobulin-like molecules with immunomodulatory functions [28, 40, 41] . It plays an important role in Vγ9Vδ2 TCR recognition of prenyl pyrophosphates. Researches have found that it seems function as a sensor for the intracellular levels of phosphorylated antigens, not the same as a costimulatory ligand or a classical presenting molecule binding prenyl pyrophosphates with its extracellular domains [42] . BTN3A1 molecules are modified via specifically binding with these antigens, thus leaving more free space to facilitate the binding of antigens [40] . The identification of BTN3A1 as an additional APM enriches the field of human immunological recognition, with potentially far-reaching implications for clinical immunotherapy.
MHC molecules
γδ T cells can recognize MHC molecules such as group 1(CD1a, b, c) and group 2 (CD1d) CD1 molecules [43, 44] . The stress-induced MHC class I-related molecules MICA and MICB including α1 and α2 domains are also involved in the recognition by human γδ T cells, and do not need Ag processing [45] . Willcox et al. demonstrated a new kind of EPCR-dependent recognition of cytomegalovirus (CMV)-infected cells by γδ T cells [46] . They found that human γδ TCR could directly bound endothelial protein C receptor (EPCR), which is a MHC-like molecule that binds lipids similar to the antigen-presenting molecule CD1d and can make γδ T cells recognize endothelial cells which are targets for cytomegalovirus infection and epithelial tumors. CMV infection can activate γδ T cells specific for self antigens inducing by a multimolecular stress signature on the surface of infected cells, containing EPCR and costimulatory ligand (s). The γδ TCR bound EPCR in an antibody-like way, independently of lipids. Stress surveillance by γδ T cells may consist of innate-like (NKG2D-mediated) components and adaptive (TCR-specific) components, with the γδ TCR engaging a stress-regulated self antigen.
Soluble proteins
Some soluble proteins are also involved in the recognition by γδ T cells, for example, bacterial proteins including the unrelated staphylococcal enterotoxinA (SEA) [47] and the toxin listeriolysin O (LLO) [48] . γδ T cells can also recognize heat shock proteins (HSPs), which does not need antigen processing and can occur in the absence of any APCs [49] . There is no substantial evidence demonstrating that HSP recog-nition involves the TCR. HSPs may signal through TLRs, directly or indirectly through binding peptides or hydrophobic ligands, such as LPS [50, 51] .
In addition, researches show that the myelin-derived glycosphingolipid sulfatide can also be recognized by human γδ T cells [52] , indicating that there may also exist other kinds of non-peptidic Ags for γδ T cells which have not yet been identified. NKG2D, which is expressed on Vγ9Vδ2 T cells, plays an important role in the ligand recognition by γδ T cells, and also is key molecular determinants for the Vγ9Vδ2 T-cell recognition of various carcinomas [53, 54] . NKG2D is a C-type lectin receptor, which provides activation signals by binding to its ligands such as MIC and ULBP families. NKG2D ligands are not expressed by most normal tissues but are upregulated by many tumor-cell types, which are required for tumor cell-recognition by Vγ9Vδ2 T cells.
The precise molecular mechanisms of ligand recognition by γδ T cells remain to be elusive: one supposing that the recognition of nonpeptide antigens by γδ T cells is essentially the same as that by immunoglobulins (Igs) [55] , just binding to the specific ligand; the other one is the mechanism similar to that of αβ TCRs, involving a specific ligand and a self-identifying presenting molecule [56] . Binding studies exihibit the existence of Ig-like recognition and a crystallographic analysis supports the direct receptor-ligand interaction for proteinaceous antigens [57] . But further investigation has to be conducted to verify the underlying mechanism of the γδ T cell recognition of nonpeptide antigens, because third molecule may possibly be involved in the efficient recognition.
Activation of γδ T cells
Early studies demonstrated that most Vγ9Vδ2 T cells are strongly activated by a variety of killed microorganisms including bacteria such as Mycobacterium tuberculosis [58] and parasites such as Plasmodium falciparum [59] . Later, antigens have been identified as (E)-4-hydroxy-3-methyl-but-2-enyl diphosphate (HMB-PP), an immediate upstream metabolite of isopentenyl diphosphate (IPP), so called phosphoantigens [60] . The phosphoantigens can specifically activate Vγ9Vδ2 T cell subset at pico-to nanomolar concentrations. The bacterial HMB-PP levels determine the magnitude of Vγ9Vδ2 T cell expansion in vitro or upon transfer of human PBMC and subsequent infection with bacteria. Analogues with potent and selective stimulatory activity for Vγ9Vδ2 T cells can be synthesized. For instance, bromohydrin diphosphate (BrHPP) is active at nanomolar concentrations [61] .
In contrast to many bacteria and protozoas, human cells utilize the mevalonate pathway for isoprenoid and IPP biosynthesis [62, 63] , which also activates Vγ9Vδ2 T cells in vitro following presentation by professional antigen-presenting cells or tumor cells [64, 65] , but only at concentrations not achieved physiologically in non-transformed cells. However, certain tumors yield higher concentrations of IPP, which can be sensed by Vγ9Vδ2 T cells [66, 67] .
The intracellular levels of IPP can be manipulated by the therapeutically administered drugs. Nitrogen-containing bisphosphonates (N-BPs) such as pamidronate (Pam) and zoledronic acid (Zol), which are in clinical use for osteoporosis and hypercalcemia of malignancies, can enhance intracellular levels of IPP by the inhibition of farnesyl diphosphate synthase (FPPS) [68] [69] [70] , contributing to the activation and expansion of human Vγ9Vδ2 T cells (Fig. 1) . Because the activation of γδ T cells does not require antigen processing or MHC molecules, but relies on cell-cell contact with APCs [71] , stimulated γδ T cells themselves seem to serve as APCs, but the self-activation or presentation is not effective, compared to the optimal stimulation by monocytes or tumor cells [72] . This indicates that TCR recognition of phosphoantigens requires antigen presentation molecules on APCs. In fact, tetramers of human γδ TCRs bind to APCs in an antigen-dependent manner [73] [74] [75] .
Recently, Harly and coworkers [27] made a significant advancement on the mechanism underlying the activation of human Vγ9Vδ2 T cells. They found that CD277, a member of butyrophilin molecules, played a central role during the γδ T cell activation. It is, however, still unclear how the Vγ9Vδ2 T cells recognize the phosphoantigen (or anti-CD277 mAb)-induced perturbation of the CD277 surface molecule [76] . The requirement of CD277 for the recognition may explain why human γδ T cells recognize phosphoantigens in a species-specifc manner, because there is no CD277 ortholog in rodents.
In addition, the activation of γδ T cells also requires a variety of costimulatory molecules, including immunoglobulin (Ig) superfamily coreceptors (like CD28 or JAML), tumor necrosis factor receptor (like CD27) and atypical costimulatory molecules such as NKG2D or CD46.
Ig superfamily coreceptors
Several functional assays have suggested CD28 plays an active role in γδ T cell activation [77, 78] , which may produce both qualitative and quantitative changes resulting in lower activation threshold and enhanced T cell activity. Anti-CD28 agonist antibodies can enhance human γδ T cell proliferation [79] , while blocking antibodies inhibit it obviously [80] .
Junctional adhesion molecule-like protein (JAML) has been considered as a key co-receptor in mouse DETC (express an oligoclonal Vγ5Vδ1 TCR) activation [81] , whose costimulation can induce DETC proliferation and the secretion of TNF-α, IFN-γ and IL-2. However, it remains unknown whether JAML plays any role in the costimulation of other (including human) γδ T cell subsets.
Tumor necrosis factor receptor (TNFR)
CD27, one of TNFR superfamily co-receptors, has also been shown important contributions to T cell activation. About 80% of Vγ9Vδ2 T cells express CD27 (TNFRSF7) [82] . Upon activation with PMA and ionomycin, most of CD27 + Vγ9Vδ2 T cells produce IFN-γ with less than 1% is IL-17 [82] . The proliferation of CD27 + Vγ9Vδ2 T cells is sensitive to CD70 -CD27 modulation, which provides survival and proliferative signals to control γδ T-cell activation. CD27 signals can activate the non-canonical NF-kB pathway and enhance the expression of anti-apoptotic and cell cycle-related genes [83] . Besides, CD27 costimulation plays important roles in the protection from activation induced cell death (AICD) following phosphoantigen stimulation [82] and the expansion of tumour-specific cytotoxic T lymphocytes (CTLs) [84, 85] .
Atypical costimulatory molecules
The C-type lectin-like NKG2D receptor plays critical roles in the activation of T cells. NKG2D shows costimulatory function in γδ T cells, which can enhance the response of Vγ9Vδ2 T cells upon TCR activation. NKG2D ligation in Vγ9Vδ2 T cells can upregulate the activation marker CD69 independently of TCR stimulation [48] . NKG2D can either directly activate T cells, as happens for NK cells, or act as a co-receptor to the TCR just as CD8 + T cells do [82] . Upon activation, these NKG2D-expressing T cells can kill tumor [86] or pathogen-infected cells [87] .
Furthermore, Vγ9Vδ2 T cells express the BC2 isoform of CD46, which can reduce TNF-α and IFN-γ secretion in HMBPP-stimulated Vγ9Vδ2 T cell cultures [88] when signaling through this isoform, indicating a novel role for CD46 in regulating the production of (Th1-like) pro-inflammatory cytokines in human γδ T cells.
Functions of γδ T cells
γδ T cells display a variety of functions. They can produce different kinds of cytokines and chemokines such as interferon-γ (IFN-γ) and tumor necrosis factor-α (TNF-α), and growth factors such as IGF-1. Besides, they can regulate immune responses via interactions with other cells, for example, they can provide help for B cells and present antigens for αβ T cells. Other important roles are involved in the macrophage recruitment, cytolytic activity and so on. Such main functions are detailed below.
Firstly, γδ T cells can produce a vast variety of cytokines and chemokines to regulate other immune (e.g., Tregs) and non-immune cells. The types and physiological roles of these cytokines, chemokines and others are in detail discussed in the part of the subtitle "Cytokine secretion". Secondly, they can provide help for B cells [89] . Caccamo group found that a subset of Vγ9Vδ2 + T cells that expresses CXC-chemokine receptor 5 (CXCR5) which defines follicular B Th (Th f ) cells were able to induce significant production of Igs even in the absence of Ag, and provided help for naive B cells to produce IgM, IgG, and IgA Abs, suggesting that they are highly efficient at providing B cell help and play a significant regulatory role in humoral immunity [90] .
Thirdly, γδ T cells can trigger dendritic cell (DC) maturation. Vγ9Vδ2 lymphocytes can induce full activation of immature dendritic cells (iDCs) infected with pathogens, such as Mycobacterium bovis bacillus Calmette-Gue´rin (BCG) [91] . Human γδ T cells induced DC maturation [92] via TCR-CD1 [93] and Fas-FasL interactions [94] . Because DCs are uniquely resistant to Fas-induced cell death, Fas-FasL interaction can transduce maturation signaling. When human Vγ9Vδ2 T cells were co-cultured with iDCs, they induced increased expression of CD86 and MHC class I on iDCs [95] , mainly via γδ T cell-derived TNF-α and IFN-γ. DC maturation induced by LPS was further enhanced by γδ T cells [96] .
Fourthly, γδ T cells are involved in the macrophage recruitment. In listeriosis, γδ T cells seem to control the production of macrophage chemoattractant protein I, because it was absent in mice genetically deficient in γδ T cells [97] . A recent investigation of wound healing demonstrated that epidermal γδ T cells could regulate keratinocyte proliferation after wounding [98] , and induce hyaluronan production by the epithelial cells [99] . During the subsequent tissue repairing processes, hyaluronan is deposited in the extracellular matrix where it becomes involved in the recruitment of macrophages to the wound lesions. In addition, γδ T cells facilitate cellular differentiation of monocytes and macrophage lineage cells [100] , as monocytes differentiate into inflammatory macrophages during bacterial infections, but fail to undergo maturation when γδ T cells are absent.
Fifthly, γδ T cells exhibit varying degrees of cytolytic activity to various kinds of malignancies, such as neuroblastomas [101] [102] [103] . Chargui et al. [104] suggested that the expanded γδ T cells which were derived from neuroblastoma patients effectively lysed autologous and allogeneic neuroblastoma cells, and zoledronate or BrHPP could increase the susceptibility of neuroblastoma cells to γδ T cells. The cytolytic activity of γδ T cells could be induced through appropriate cellular contact [105, 106] and augmented by exposure to cytokines during ex vivo expansion, for example, IL-15 and/ or IL-18 [68, 107] . So ex vivo expanded γδ T cells can function as a promising tool for anti-malignancy immunotherapy.
Sixthly, γδ T cells produce growth factors that maintain epidermal integrity [98] . γδ T cells in Psoriasis, an immune mediated disease associated with hyperproliferation of keratinocytes and angiogenesis, have been showed to produce growth factors such as IGF-1, VEGF and FGF-2 [108] . They can up-regulate IGF-1 production when stimulated with HMB-PP or PMA/Ionomycin, and produce low amounts of VEGF (<100pg/ml) and FGF-2 (<15 pg/mL) upon activation.
Seventhly, they can present antigens for αβ T cells. It was reported by Brandes et al. that Vδ2 + T cells showed principal characteristics of professional antigen-presenting cells such as dendritic cells. After activation, these cells can rapidly express CC-chemokine receptor 7 (CCR7), which drives their migration to lymph nodes, and upregulate their expression levels of MHC class I and class II molecules and the co-stimulators CD80 and CD86 [109] . They can efficiently process antigens and provide co-stimulatory signals which can strongly induce naive αβ T cell proliferation and differentiation. Human Vγ9Vδ2 + T cells can also present antigens to CD4 + T cells and cross-present antigens to CD8 + T cells [109] .
Cytokine secretion
Activated γδ T cells exhibit broad cytotoxic activity against a wide variety of tumor cells, in which they utilize death receptor/ligand (e.g. Fas/Fas-ligand)-dependent and perforin/granzymeor granulysin-dependent pathways. γδ T cells secrete various cytokines [110] and chemokines including proinflammatory Th1-like cytokines such as IFN-γ and TNF-α, and contribute to reduced survival of autologous tumor cells [111] . Besides, they also produce Th2 cytokines such as IL-4 in the bronchoalveolar lavage fluid of patients with allergic asthma [112, 113] .
Furthermore, some γδ T cells give rise to particular cytokines such as keratinocyte growth factor and connective tissue growth factor (CTGF), showing important functions in the control of epithelial integrity, fibrinogenesis and wound repair. Other γδ T cells also produce antimicrobial peptides such as cathelicidin/LL37, indicating the capacity in the local epithelial defense.
In addition, γδ T cells have been reported to secrete interleukin-10 (IL-10) [114] , controlling CD8 + T cell expansion and regulating TNF-α secretion by activated CD8 + T cells, and IL-17 [115] , regulating the expansion and recruitment of neutrophils and monocytes to initiate inflammatory responses. The role of IL-17-producing γδ T cells has been evaluated in various models of infection [116] and autoimmunity. Secretion of multiple cytokines and chemokines by activated γδ cells and their physiological roles are shown in Fig. 2 
Applications γδ T-cell based cancer immunotherapy
In 1890, Paul Ehrlich proposed vaccines against cancer, which was the first suggestion using the immune system to cope with cancer. In fact, immune deficiency states, such as iatrogenic immune suppression, common variable immunodeficiency (CVID), severe combined immunodeficiency (SCID), and acquired immunodeficiency syndrome (AIDS), make patients more susceptible to various kinds of malignancies [117, 118] . The importance of immune surveillance against tumor emergence and progression was reinforced with the observation of different immune deficiency states. Targeting the immune system to combat tumors is a promising therapeutic strategy [119] although progress has been slow and success is limited.
Immunotherapeutic approaches for anti-tumor responses via stimulating the adaptive immune system rely on major histocompatibility complex (MHC)-restricted αβ T cells. Although significant advances in the adaptive immunotherapies toward tumors have been made and vaccine-based strategies have been improved, αβ T cell-mediated immunotherapies have met with limited success. Durable responses are scarce, and active immunotherapy has not achieved an established treatment modality. αβ T cells require specific tumor-associated antigens (TAAs) and suitable costimulatory molecules for activation. Once failure or loss of TAAs, MHC molecules, and/or costimulatory molecules occurs, it will render tumor cells less susceptible to αβ T-cell-mediated cytotoxicity or induce anergy in specific αβ T cells.
γδ T cells are considered to be a member of innate immune cells and exhibit an important role in immune-surveillance and immune defense against tumors, including melanomas [120] , leukemias, lymphomas, neuroblastomas, and other types of carcinomas [102, 104, 121] . The antitumor activity of γδ T cells has been confirmed by expanding them ex vivo followed by infusion to cancer patients [122, 123] . Recently, in vitro-activated γδ T cells have been shown to target a small number of colon cancer stem cells, which had been demonstrated to be attributable to the failure of conventional therapies. In addition, γδ T cells can kill chemotherapy (imatinib)-resistant chronic myelogenous leukemia lines.
γδ T cells can be utilized for antitumor therapies in an unconventional manner [64] , because they exhibit a potent MHC-unrestricted lytic activity against a wide variety of tumor cells in vitro. In clinical studies, γδ T cells have been shown to infiltrate into different kinds of tumors, including lung carcinomas [124] , renal cell carcinomas [125] , and breast carcinomas [126] . It is worthy of note that they have exhibited to specifically respond in vitro to tumors but not to normal cells. Moreover, a high level of γδ T cells was found in disease-free survivors of acute leukemia following allogeneic bone marrow transplantation [127] . Clinical evidence in the therapy of human malignancies using γδ T cells stimulated with phosphoantigens or bisphosphonates [128] will further support the antitumor effects of this cell population in vivo.
Human γδ T cells mediate anti-tumor immunity via several distinct pathways, such as the secretion of proinflammatory cytokines and pro-apoptotic molecules, and cell to cell contact-dependent lysis through an NK-like pathway or a TCR-dependent pathway [129] . Activated γδ T cells secrete large amounts of cytokines, which act on tumor cells or their microenvironment [130] . IFN-γ, a major cytokine secreted by activated γδ T cells, has multiple anti-tumor effects including direct inhibition of tumor growth, blocking angiogenesis, or stimulation of macrophages. IFN-γ, therefore, is a crucial cytokine in the γδ T cell-mediated anti-tumor responses.
Many reports demonstrate that γδ T cell clones derived from either tumor sites or blood of cancer patients exhibit potent cytotoxicity against tumor cells ex vivo [20] . In addition, γδ T cells have a unique capacity to present antigens to both CD8 and CD4 cells and potentially elicit strong adaptive anti-tumor responses [131] . Furthermore, γδ T cells can respond to stress stimuli originated from transformed cells and exhibit MHC-unrestricted antigen recognition. Activated γδ T cells can exert an immediate and robust direct cytotoxic effect, and simultaneously induce secondary inflammation which attracts tumor specific effector T cells [132] . Adoptive transfer of large number of activated γδ T cells, either alone or along with CD8 + tumor specific T cells, therefore, can potentially boost the dysfunctional host immune system in many ways.
Several clinical trials including patients with advanced diseases refractory to conventional treatments have been performed to test the safety and efficacy of γδ T-cell-based immunotherapy. Consequently, up to 50% efficacy has been observed in a most recent clinical trial using phosphostim™ for expanding the autologous γδ T cells in patients with metastatic renal cell carcinomas [133] .
Dokouhaki and his colleagues [134] have built a xenograft model of human non-small cell lung cancer (NSCLC) to study the in vivo function of γδ T cells, and found that the lung cancer progression was remarkably inhibited after the infusion of γδ T cells in the absence of cytokine co-administration. The results indicate that the interaction between NKG2D and its ligand (s) may partially contribute to the anti-tumor effect of human γδ T cells. Treatment with expanded and activated γδ T cells for NSCLC is especially promising. Firstly, γδ T cells reside in lung tissues and the number is increased in patients with NSCLC. Secondly, γδ T cells can recognize NSCLC cells in spite of the loss of HLA expression found in 69% of the cases. Thirdly, infusion of ex vivo expanded γδ T cells is feasible in patients with NSCLC [135] .
To examine the anti-tumor activity of γδ T cells in breast cancer, a phase I trial was conducted, in which Zol and low-dose IL-2 were administered to 10 advanced metastatic breast cancer patients who were therapeutically terminal [136] . The results suggest that the treatment was well tolerated and promoted the effector maturation of Vγ9Vδ2 T cells in all patients. It is noteworthy that there was a statistically significant linkage between clinical outcome and the number of peripheral Vγ9Vδ2 T cells, as seven patients who failed to sustain Vγ9Vδ2 T cells showed progressive clinical deterioration, while three patients who sustained robust peripheral Vγ9Vδ2 cell populations displayed one instance of partial remission and two of stable disease, respectively. Consistent with the earlier clinical trial in prostate cancer, there was a strong correlation of Vγ9Vδ2 T cell status with reduced carcinoma progression, and Zol plus low-dose IL-2 provided a novel, safe, and feasible strategy to treat refractory patients with advanced breast cancer [136] . It has been reported that the treatment of patients with Vγ9Vδ2 T cells plus Zol could efficiently enhance the lysis of MCF-7 breast tumor cells and PC-3 prostate carcinoma cells in a γδ TCR-dependent manner at the effector to target ratios of 30:1 to 7.5:1 [126] .
Recently, Kobayashi and his colleagues have reported a complete remission (CR) in a patient with advanced renal cell carcinomas who underwent 6 monthly cycles of autologous γδ T cell therapy, in which the activation and expansion of γδ T cells were performed in vitro using 2-methyl-3-butenyl diphosphate plus IL-2, followed by the infusion of the expanded γδ T cells, Zol (4 mg) plus low-dose IL-2 (1.4×10 6 IU) [137] . The clinical responses were associated with a sharp increase in the number of IFN-γ-producing adoptively transferred Vγ9Vδ2 T cells. The CR patient has been disease free for more than 3 years without any additional treatment. Some important clinical trials on γδ T-cell-based cancer immunotherapy are summarized in Table 1 . Have a significant improvement in disease-free survival, a post-BMT absolute increase in γδ T cells was significantly associated with αβ T-cell depletion.
[127]
Autologous γδ T cells infusion alone or with IL-2
Renal cell carcinoma (metastatic) The maximum-tolerated dose and safety of γδ T cells is 8×10 9 cells.
[128]
Inoculation without cytokines Non-small cell lung cancer Progression is remarkablely inhibited.
[134] In vitro proliferation of γδ T cells with pamidronate/IL-2 Non-Hodgkin lymphoma (relapsed and/or refractory) or multiple myeloma Pamidronate/IL-2 was well tolerated, and no dose-limiting toxicity was observed.
[138]
Autologous γδ T cells
Colon carcinoma Recognition and efficient killing of autologous and allogeneic CCCL (Colon Carcinoma Cell Lines) [139] Treated with zoledronic acid Pancreatic carcinoma Tumor cells treated with zoledronic acid are more vulnerable against γδ T cell attack.
[140]
Applications of γδ T cells to treatment of patients with infectious diseases
Infectious diseases are a serious threat to human health and gradually increase in global morbidity and mortality in recent years. Current strategies to control infections mainly focus on the pathogens themselves, but neglect the host factors which may regulate the progression of the diseases. The frequent appearance of drug resistance in infectious pathogens often leads to costly but ineffective therapy. In addition, the efficiency of vaccines inducing adaptive immune responses could be impaired by the rapid immune evasion of pathogens through their frequent mutations. In conclusion, innate immune cells that recognize the conserved structural components of pathogens and elicit rapid responses against infections have great potential in anti-infection immunotherapy.
Human γδ T cells are vital components of the innate immune system and play important roles in the early responses to invasive pathogens. Besides, some γδ T cells, such as IL-17-producing γδ T cells, have been demonstrated to be involved in the pathogenesis of transplantation rejection, autoimmune disease [141] , inflammatory diseases [142] and allergy [143] in humans. The quality and quantity of human γδ T cells with dynamic variation affects the initiation, progression and prognosis of infectious diseases.
Viral infections
Although the mechanism underlying γδ T cell-mediated immune responses against viruses remains to be delineated, their protective roles have been confirmed in some acute and chronic viral infections. The activation and cytokine secretions of γδ T cells are considered as indicators of early viral infection.
Recently, the beneficial effects of human Vγ9Vδ2 T cells against influenza virus infection have been re-ported. Vγ9Vδ2 T cells can control infection of several strains of influenza viruses, such as pandemic H1N1, human seasonal H1N1, and the avian H5N1 and H9N2 viruses [144] . A study has suggested that Vγ9Vδ2 T cells expressed both type 1 cytokines and chemokine receptors during influenza virus infection, and IPP-activated cells had a higher capacity to produce IFN-γ [145] . It is worth noting that IPP-activated γδ T cells also can inhibit seasonal and pandemic H1N1 viruses in a noncytolytic manner, mainly through IFN-γ production [145] . Avian H5N1 and H9N2 viruses can induce higher CCL5 production in Vγ9Vδ2 T cells, which may mediate the migration of Vγ9Vδ2 T cells toward influenza virus-infected cells [145] .
In addition, Pam activated human Vγ9Vδ2 T cells could kill influenza virus-infected cells and suppress viral replication in vitro. Tu et al. [146] demonstrated that Pam-expanded Vγ9Vδ2 T cells by themselves can control influenza virus infection effectively in vivo. Regarding H1N1 viruses, the inhibition of the virus replication by the Vγ9Vδ2 T cells may rely on direct killing of virus-infected cells and secretion of IFN-γ, but, for H5N1 infection, mainly by direct killing.
The antiviral mechanisms elicited by Vγ9Vδ2 T cells during different viral infections are diverse. For example, human Vγ9Vδ2 T cells can kill Epstein-Barr virus (EBV)-, and herpes simplex virus (HSV)-infected target cells in an HLA-unrestricted manner in vitro [147] . IPP-activated Vγ9Vδ2 T cells can kill human immunodeficiency virus (HIV)-infected target cells and inhibit viral replication by releasing certain CCR5 ligand chemokines to block the HIV entry co-receptor CCR5. Furthermore, phosphoantigen-activated Vγ9Vδ2 T cells can induce noncytolytic inhibition of hepatitis C virus (HCV) replication by IFN-γ secretion [148] . It was revealed that simian γδ T cells could produce β-chemokines, such as macrophage inflammatory protein-1α [MIP1-α], MIP1-β, and RANTES. These factors are known to block virus attachment to the CCR5 co-receptor [149] , thus preventing SIV infection.
Furthermore, γδ T cells can induce the maturation of dendritic cells (DCs) to promote the establishment of protective adaptive immunity against West Nile virus [150] . The protective roles of γδ T cells have also been confirmed in some chronic infectious diseases. During human cytomegalovirus (HCMV) infection [151] , Vδ2 -T cells, a minor population of peripheral blood γδ T cells, have been found to expand significantly, showing a potent 'virus-specific' cytotoxicity and increased elimination of pathogens [152] . Similarly, γδ T cells in HIV-infected patients have been found to exhibit beneficial roles in controlling HIV infection [153] through their cell-lytic functions and cytokine secretions. γδ T cells are potent effectors in antibody-directed cell cytotoxicity [154] , which is important for HIV inhibition [155] , although the quantity and quality of γδ T cells are generally decreased with the advancement of HIV infection [156] . γδ T cells also help control the infection caused by Epstein-Barr virus [157] and human hepatitis virus C [158] .
More recently, Yin's group found negative correlation between the ratios of Vδ2 T cells to Th17 (IL-17-producing CD4 + T) cells and liver damage in HBV-infected immune-activated patients and provided experimental evidence that Vδ2 T cells suppressed Th17 cytokine production through cell contact-dependent and IFN-γ-dependent mechanisms [116] .
The applications of γδ T cells in the antiviral immunity are summarized in Table 2 .
Bacterial infections
The discovery that γδ T cells expanded in the peripheral blood of patients with bacterial infections raised the possibility that the T cell subset can be utilized for the control of bacterial infections. Mounting evidence indicates that γδ T cells are of importance in human bacterial infections. Human γδ T cells can recognize HMBPP derived from various bacteria and provoke adaptive immunity in various ways. They expand during bacterial infections such as tuberculosis (mean, 14%), salmonellosis (mean, 18%), tularemia (mean, 31%), brucellosis (mean, 29%), listeriosis (mean, 12%), and ehrlichiosis (mean, 57%). Activated and expanded Vγ2Vδ2 + T cells might directly participate in antimicrobial immune responses. They recognize HMBPP in a TCR-dependent, MHC-, and CD1-unrestricted manner [6] , then kill bacteria-infected cells and bacteria.
Tabel 2. Applications of γδT-cell in the antiviral immunity.
Virus Type
The Functions of γδ T Cells Ref.
Influenza virus
Cytotoxic and noncytolytic antiviral activities [144] 
Simian immunodeficiency virus (SIV)
Produce β-chemokines, block virus attachment to the CCR5 co-receptor [149] West Nile virus Induce the maturation of dendritic cells (DCs) [150] Human Cytomegalovirus (HCMV)
Have 'virus-specific' cytotoxicity
Human immunodeficiency virus (HIV)
Cell-lysis and cytokine secretion [153] Hepatitis C virus (HCV) Mediate non-(MHC)-restricted killing of primary hepatocytes, produce Th1-like cytokine [158] Pontiac fever-like disease, which is caused by Legionella micdadei, was found to be related to a significant and long-lasting expansion of Vγ9Vδ2 T cells, implying that the subset may also be pathophysiologically important in a mild and transient form of intracellular bacterial diseases. Surprisingly, patients with the Pontiac fever-like disease showed an early depletion of Vγ9Vδ2 T cells from the circulation, followed by a sharp increase and subsequently, a slow decline over the next 6 months [159] . The ability of the γδ T cells to secrete IFN-γ and TNF-α seemed to be down-regulated after the acute phase of the disease. These results support the assumption that Vγ9Vδ2 T cells are pathophysiologically important in intracellular bacterial infections, including a mild and transient condition such as Pontiac fever.
Moreover, some intracellular bacterial pathogens, such as Mycobacterium tuberculosis, can specifically expand and activate Vγ9Vδ2 γδ T cells by inducing the production of metabolites (e.g., IPP) in infected cells, which strongly demonstrates that γδ T cells are crucially important in infection control [33] . Consistent with this finding, the suppression of γδ T cells by chronic tuberculosis infection can contribute to a disastrous outcome.
Other pathogen infections γδ T cells not only play protective roles in viral and bacterial infections, but also control infections by protozoas such as Leishmania [160] and Toxoplasma gondii [161] , whereas the γδ T cell-mediated inflammation may cause some unwanted destruction of surrounding tissues. Similarly, the protective roles of γδ T cells during malaria infection have been confirmed in several independent studies [162] .
Applications of γδT-cell in autoimmune diseases
In recent years, γδ T cells have been shown roles in the pathogenesis of autoimmune diseases such as rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE). γδ T cells, by bridging innate and adaptive immunity, may display different functions similar to those of CD4 + T-cell subsets such as CTLs, Th1/Th2 cells, Tregs, Th17 cells, and APCs depending on specific microenvironment [163] .
Rheumatoid arthritis (RA) is an autoimmune disease that primarily affects the limbs, but the pathogenic mechanism is still unclear. Research has demonstrated that γδ T cells can function as antigen-presenting cells and are related with rheumatoid arthritis development. During the development of rheumatoid arthritis, γδ T cells can aggravate immune dysfunction and produce abnormal immune damage by the secretion of cytokines (such as IFN-γ and IL-17) and induction of inflammatory cells to participate in synergistic inflammatory responses [164] .
Systemic lupus erythematosus (SLE) is a common autoimmune disease with severe dysregulation of the immune system. Research suggested that the CD27 + CD45RA -γδ T cells (a subset constitution of the peripheral blood γδ T cells) were significantly decreased in SLE patients and the numbers of CD27 + CD45RA -γδ T cells was negatively correlated with the SLE disease activity. In inactive SLE patients following glucocorticosteroid and cyclophosphamide treatment, Vδ1 cells were significantly increased. This research group also suggested that CD27 + CD25 high Vδ1 T cells had immunoregulatory activities through cell-to-cell contact, which could express Foxp3 similar to CD4 + Foxp3 + . These regulatory γδ T cells decreased in the peripheral blood of active SLE patients could be generated in vitro under the stimulation with anti-TCR γδ in the presence of TGF-β and IL-2 [165] . This finding provides a theoretical basis and feasibility for employing γδ Tregs as a potential therapeutic target in autoimmune disease immunotherapy.
In addition, in an experimental autoimmune encephalomyelitis (EAE) model of the human CNS autoimmune disease multiple sclerosis, γδ T cells had been shown to regulate CNS inflammation and promote disease recovery through Fas/FasL-induced apoptosis of encephalitogenic T cells [166] .
Applications of γδT-cell in allergic diseases
Some researches have suggested that γδ T cells may serve as effectors and immunoregulatory cells in allergic disease. Atopic dermatitis (AD), a chronic relapsing inflammatory disease of the skin, is associated with allergic bronchial asthma. Cairo et al. [167] have observed that the circulating Vγ9Vδ2 T cells were significantly increased in AD patients, which is positively correlated between their expansion and the severity of the disease.
Zhang et al. demonstrated that γδ T cells play a proinflammatory role in the development of ovalbumin-induced allergic airway inflammation [168] . Svensson et al. indicated that γδ T cells promote allergic airway inflammation by enhancing the systemic IgE response and local antibody reactivity without a specific role in the shift of the immune response towards Th2 [169] . IL-17 + γδ T cells, belonging to the Vγ4 subset, have been recently shown to downmodulate central features of allergic reaction in airway inflammation, including Th2 response and lung eosinophilia [143] . When activated, γδ T cells are able to produce a number of cytokines and chemokines, with a unique plasticity to produce Th1, Th2, and Th17 cytokines, contributing to the development and regulation of immune responses [170] .
Furthermore, Pawankar et al. have observed an important role for the oligoclonally expanded nasal mucosal gamma delta T cells in the pathogenesis of perennial allergic rhinitis (PAR), with the increase of δ1 T cells and able to produce mainly interleukin such as IL-4, IL-5 and IL-13 [171, 172] .
Summary
In the previous paragraphs, we have elaborated on the mechanism of ligand recognition, activation, cytokine secretion, and applications of γδ T cells. To be understood better, we summarized the above-mentioned contents in Fig 3. 
Obstacles
Clinical applications mentioned above provide enormous opportunities for accelerating the establishment of novel approaches to disease treatment and control, slowing disease progression, reducing comorbidities, and reducing or modifying requirements for antiretroviral therapy. People, however, envisage that some specific obstacles have to be overcome for the development of γδ T cell immunotherapies.
Firstly, clinical trials have demonstrated that repeated administration of phosphoantigens might cause anergy, exhaustion or even death of effector γδ T cells. For instance, a macaque study showed that declining responses occurred after repeated BrHPP/IL-2 injections compared to the first treatment [173] . A similar pattern of declining responses was reported for Zol and IL-2 treatment in prostate cancer patients [66] . Thus, therapies targeting γδ T cells produce short-term responses for a long-term, chronic disease. If we can extend the duration of elevated γδ T cell levels and functions following treatment, repetitive dosing may not be necessary or the detrimental anergizing effect may not occur. Pauza and his colleagues [22] defined the protocol for γδ T cell activation, including adding immunomodulators such as rapamycin that increase the yield of the cells and potentially modulate the onset of anergy [18] .
Secondly, immunostimulatory treatments may elicit significant adverse events (SAEs). For instance, activated γδ T cells will produce proinflammatory cytokines that may cause SAEs. People, therefore, must minimize or manage the potential consequences of immune reconstitution. These potential obstacles, the risk for SAEs and anergy, have to be addressed by definitively controlled human clinical trials.
Thirdly, although the activation of Vγ2Vδ2 T cells can contribute to the rapid acquisition of APC characteristics (γδ T-APCs), dominant Vγ2Vδ2 T-cell subset capable of recognizing microbial phosphoantigen exist only in primates. Therefore, current task is to find an analogue to evaluate the characteristics and clinical potential (including side effects) in murine systems, which may be overcome by the development of a humanized mouse model. This is another current key barrier for the application of γδ T cells based immunotherapy.
Outlooks
Although great progress has been made in γδ T cell-based immunothearpies, many aspects need to be improved in future clinical trials.
Regarding tumor cells, it is necessary to explore the adjuvant effect of Toll-like receptor (TLR) stimulation, because in vitro treatment of tumor cells with TLR3 and TLR7 agonists could enhance cytotoxicity of γδ T cells isolated from cancer patients [174] . As for γδ T cells, it will be of great importance to evaluate the clinical effects of synthetic TCR agonists such as phosphostim (BrHPP) and picostim (an analog of HMBPP). Another interesting feature is the use of phosphoantigens combined with therapeutic antibodies, as suggested by the improved leukemia and/or lymphoma in vitro killing after co-administration of BrHPP and rituximab [175] . In addition, it is important to evaluate the safety of TCR-independent killing strategy by comparing the NKG2D-mediated cytotoxicity against transformed and healthy tissues by NKG2D + γδ T cells. Finally, the identification of biomarkers to predict clinical outcome is crucial for patient selection. A recent study, for example, has identified a panel of 10 genes which encode cell surface proteins that segregated ''γδ-susceptible'' from ''γδ-resistant'' hematologic tumors [121] . Equivalent markers could be promptly characterized in multiple cancer types, and their predictive value should be accessed in γδ T cell-based clinical trials. The combination of ''susceptible'' tumor profiles with improved strategies for γδ T -cell activation in vivo may be the way forward for γδ T cell-based cancer immunotherapy.
γδ T cells are attractive targets for cellular immunotherapy, but protocols for their therapeutic use need to be optimized. In addition, it is necessary to explore better antigens which help us stimulate γδ T cell expansion in vitro for the preparation of a large number of cells for adoptive cell transfer. Future studies should focus on the possible advantages of combining γδ T cell-based immunotherapy with conventional chemotherapy or other therapeutic approaches, such as antiangiogenic drugs. 
